Not all SMBG devices have the same accuracy which can impact HbA1c levels and the risk of hypoglycemia from inaccurate insulin dosing. Clinical trials comparing accuracy of different SMBG devices are difficult, if not impossible, to conduct given ethical considerations. Previous evidence employed a realistic computer simulation to provide evidence on the relationship between SMBG accuracy and glycemic control. 6 Specifically, the authors found that as SMBG errors increase, HbA1c increases or separately, the risk of hypoglycemic episodes increase; these findings were later reinforced from clinical observations in German/Austrian diabetes registries. 7, 8 Strip prices also vary by SMBG device and tend to be more expensive per strip for devices with less error. 9 Previous evidence suggested investing in SMBG devices with higher strip prices and less error may offset downstream costs associated with complications. 10 Previous analyses associating changes in SMBG error to economic outcomes have been applied to the Canadian and German setting in type 1 diabetes patients only; however, evidence is lacking in England and among insulin-treated type 2 diabetes patients. 10, 11 The objective of this study was to expand these previous analyses by estimating the costeffectiveness of blood glucose monitoring devices with varying SMBG error (ie, SMBG devices meeting and exceeding standards allowed by ISO 15197:2013/EN ISO 15197:2015) and strip price among type 1 and insulin-treated type 2 diabetes (hereto referred as type 2 diabetes) patients from the English NHS perspective.
Methods

Motivation for Simulation Modeling
When comparing accuracy of SMBG devices, randomized clinical trials are not possible given ethical considerations. We rely on previous in silico (computer) modeling evidence validated by the Food and Drug Administration to inform the association between SMBG accuracy and short-term clinical outcomes. The short-term clinical outcomes described in the next section are used as inputs to a costeffectiveness simulation model designed to reveal the relationship between inputs (eg, disease progression of diabetes, risk reduction of complications from reduced HbA1c) and outputs (eg, survival, quality of life, and costs) that are relevant to decision makers. 12 Simulation models are frameworks for synthesizing the best available evidence from longitudinal studies, randomized trials, and public health statistics, among other sources. 12, 13 Furthermore, simulation models may forecast this synthesized evidence into relevant outcomes for decision making. Policy decision making for SMBG devices has occurred despite a lack of comparative clinical or economic evidence. Motivation for the use of simulation modeling evidence is that policy decision makers will be better able to have explicit and evidence-based discussions about important attributes and their uncertainty.
Changes in SMBG Accuracy Associated With Short-Term Changes in HBA1c and Hypoglycemia
Breton and Kovatchev investigated the impact of errors from SMBG devices on HbA1c and hypoglycemia using in silico (computer) modeling validated by the Food and Drug Administration. 6 Specifically, a 5% error resulted in a 0.01% absolute increase in HbA1c; 10% error resulted in a 0.12% absolute increase in HbA1c; and 15% error resulted in a 0.26% absolute increase in HbA1c. In a separate simulation experiment, the authors found increasing SMBG error resulted in an increased percentage of hypoglycemic episodes to 15.2% at 5% error, 18.8% at 10% error, 22% at 15% error, and 25.6% at 20% error. Errors from self-monitoring of blood glucose devices were associated with changes in hypoglycemic events defined between 50 mg/dl and 70 mg/dl. 6 We used the information from Breton and Kovatchev to generate a relative risk between devices with different SMBG errors and applied those relative risks to a baseline number of events per year for each device. The baseline number of events per year were derived from a population-based study of health service resource use for patients with type 1 and type 2 diabetes from the NHS perspective. 14 Leese and colleagues estimated the number of hypoglycemic episodes over a one year time period and split them by inpatient and accident and emergency/outpatient resource use. Using the number of events and patients over the one-year time period, we calculated a baseline number of hypoglycemic episodes for use in the model.
Markov Model Structure
We followed good research practices for development and reporting of our cost-effectiveness simulation modeling analysis. 12, 15 The Markov cohort simulation model ( Figure 1 ) estimates long-run clinical and economic outcomes for the average adult type 1 and type 2 diabetes patient at an average age of 35 years and mean duration of diabetes of 9 years for type 1 diabetes and 60 years with no duration of diabetes for type 2 diabetes (Table 1) . These values were based on the mean age of diagnosis and disease duration from the Scottish Diabetes Survey (SDS) (2015) of 26.1 years and 59.7 years for type 1 and type 2, respectively. The baseline HbA1c was set to 8.47% for type 1 diabetes and 7.44% for type 2 diabetes. 16 These values were calculated using data from the SDS (2015) 16 and are consistent with mean values from the National Diabetes Inpatient Audit 2015. 17 The populations in England with type 1 and insulin dependent type 2 diabetes are from the National Diabetes Audit (NDA).
18
The model reflects the biological process of type 1 and 2 diabetes and is applicable to a wide range of treatment settings ( Figure 1) . The model structure for type 1 diabetes includes the major diabetes complication states categorized by the American Diabetes Association (ADA): coronary heart disease (CHD), nephropathy, neuropathy, retinopathy, and end-stage renal disease. The model structure for type 2 diabetes includes major complications from the United Kingdom Prospective Diabetes Study (UKPDS): blindness, renal failure, amputation, ulcer, myocardial infarction, congestive heart failure, ischemic heart disease, and stroke.
Across both type 1 and type 2, a similar structure of disease progression has been used in many other validated diabetes modeling studies. [21] [22] [23] [24] [25] HbA1c values increased from baseline HbA1c values using error calculations from Breton et al. 6 outputted cumulative incidence estimates, quality-adjusted life years (QALYs), costs, and incremental cost-effectiveness ratios (ICERs) for the purposes of estimating the efficiency of SMBG devices with better accuracy (ie, less error) but higher strip prices. The QALY is a combined metric that represents both quality and quantity of life; therefore a QALY of 1.0 represents one year of life lived in perfect health. The ICER is interpreted as the average additional cost required to achieve an outcome within a treated population; when QALYs are the health outcomes observed in the ICER, the interpretation is the average added cost required to achieve one additional year of perfect health in a treated population when comparing the health technology in question to its alternative. Therefore, the ICER addresses an efficiency research question (ie, what we gain in terms of health for an average added expenditure within a specified population), also referred to as value for money. For more model details including validation procedures, please see the technical appendix.
Clinical Inputs
The model approach links HbA1c to the risk of long-term diabetes complications. Specifically, annual transition probabilities were derived from original Diabetes Control and Complications Trial (DCCT) prediction models. [26] [27] [28] [29] [30] For microvascular intermediate disease states and end-stage complications, we used hazard rates from the DCCT calculated by Eastman et al. 31, 32 Due to a lack of data in type 1 diabetes, for CHD, we used hazard rates derived from the UKPDS population of type 2 diabetes patients. 33 Transition probabilities for type 2 diabetes were derived from the UKPDS Outcomes Model 2, an event-based model that predicts outcomes from the 30-year follow-up of type 2 diabetes patients enrolled in the UKPDS. 34 Transition probabilities for different SMBG error rates are impacted by the changes in HbA1c from Breton et al. 6 These transitions represent the movement into intermediate and end stage diabetes-related complications.
Utility Inputs
Health state utilities for type 1 and type 2 diabetes adopted values used by the National Institute of Clinical Excellence (NICE) to inform its clinical guidelines (Table 2) . 19, 35 For type 1 diabetes, the analyses informing the NICE Guideline 29 had a health state for proteinuria but not for nephropathy. We applied the proteinuria utility value to both proteinuria and nephropathy. This approach is consistent with the previous version of this model used in the Canadian setting which adopted equivalent utility values for the two health states. 10 For type 2 diabetes, the economic model informing the NICE Guideline 30 was based on the same UKPDS model and used the same health states as the current model.
Health State Cost Inputs
Health state costs for type 1 diabetes, where possible, were derived from the evidence base which informed the NICE Guideline for management of type 1 diabetes (Table 3) . 35 The evidence did not have costs for macular oedema, diabetic retinopathy, background retinopathy, nephropathy and proteinuria. Costs for retinopathy and macular oedema were estimated by costing the resources required within the NICE treatment pathway 37 and applying relevant drug costs, 38 dosing regimens, 39 and staff costs. 40 For nephropathy and proteinuria we used the average inpatient costs for patients with chronic kidney disease, 35 annual medication comprising losartan, a statin, and a beta blocker 32 plus two outpatient attendances per year. 35 The NICE Guideline for type 2 diabetes 30 noted new costs from UKPDS were pending at publication. These have now been published by Alva et al; 43 this source has been used where possible. Alva et al 43 did not include costs for ulcers of the lower limb or for renal failure. The value for renal failure informing the NICE type 2 diabetes guideline used a source year of 1996 and did not have a value for ulcer of the lower limb. Hence for these health states the costs from the NICE Guideline for type 1 diabetes were used. Costs for inpatient and outpatient hypoglycemic events for both type 1 and type 2 diabetes were taken from Hammer et al. 41 All costs have been inflated to 2016 costs using relevant inflation indices. 40 Costs and outcomes were discounted at 3.5% per annum.
Intervention Cost Inputs
The published price for the strip exceeding ISO standards (ie, more accurate) was £0.30p, with the price for the strip meeting ISO standards (ie, less accurate) was £0.20p (Table 1) . 9 A NICE guideline recommends testing at least four times per day, including before each meal and before bed. 36 Based on this guideline we have used four strips per day as our base-case estimate.
Scenario and Sensitivity Analyses
First, clinical event model validation scenarios were conducted by norming the HbA1c and age values to compare the ten-year clinical event findings from our model to that of the UKPDS Outcomes Model 2. 34 Cumulative expected clinical events over ten years were considered replicated when within one absolute percentage point of the UKPDS Outcomes Model 2 (please see technical appendix for additional validation procedures). Univariate sensitivity analyses were used to vary one input across a possible range, while holding all other inputs constant, to assess the impact of input variation and uncertainty on the overall results. Furthermore, we varied strip price until costs were equivalent between comparator SMBG devices and we assumed the same strip price to display the impact on Scenario 1 and Scenario 2 results. To further assess the robustness of the results and conclusions, we also performed multivariate probabilistic sensitivity analyses (PSA) by varying all input parameters simultaneously over their possible ranges and plotting simulation values on a cost-effectiveness plane after assigning evidence-based probability distributions. 44 
Results
Clinical Results
Decreases in cumulative incidence of complications were observed when SMBG error increased (Table 4) . For example, an SMBG error of 8.4% was associated with a relative percentage decrease in blindness of -6.94% versus an SMBG device with 15% error over a lifetime horizon in type 1 diabetes patients (Scenario 1). In type 2 diabetes patients, an SMBG error of 8.4% was associated with a relative percentage decrease in amputation of -2.69% versus an SMBG device with 15%. Changes in HbA1c did not impact incidence of complications such as renal failure, congestive heart failure, and ischemic heart disease in type 2 diabetes as derived from UKPDS evidence. 34 A significant reduction in risk of three year hypoglycemic events requiring inpatient or outpatient visits (-23%) was also observed when comparing an SMBG device of 8.4% error versus a device with 15% error (Scenario 2).
Cost-Utility Results
With SMBG errors associated with changes in HbA1c but not directly associated with hypoglycemic events (Scenario 1), the incremental cost-effectiveness ratio was £3064 per QALY in type 1 diabetes and £264 668 per QALY in type 2 diabetes for an SMBG device with 8.4% error and strip price of £0.30 versus an SMBG device with 15% error and strip price of £0.20 (Table 5) . In other words, the cost to achieve one additional year of life in perfect health using devices with less error (more accuracy) will cost approximately £3064 and £264 
Univariate Sensitivity Analyses
For results specific to SMBG errors associated with changes in HbA1c (Table 6 ), assuming the same strip price between cohorts resulted in a cost saving scenario (8.4% SMBG error less costly, more effective than 15% SMBG error) for both type 1 and type 2 diabetes. Incremental costs equated to £0 for an 8.4% error device with strip price of £0.28 in type 1 diabetes and £0.21 in type 2 diabetes while holding strip price constant for the comparator SMBG device at £0.20. For results specific to SMBG errors associated with changes in hypoglycemia, assuming the same strip price resulted in a cost savings scenario for both type 1 and type 2 diabetes. Incremental costs equated to £0 when changing the strip price for an SMBG device with 8.4% error device to £0.33 and £0.31 in type 1 and type 2 diabetes, respectively, while holding strip price constant for the comparator SMBG device at £0.20.
Probabilistic Sensitivity Analyses
After varying all inputs simultaneously in Scenario 1 within the type 1 diabetes subgroup, 64% of simulations were cost-effective at a willingness-to-pay of £30 000/QALY for an SMBG device with 8.4% error and strip price of £0.30 versus an SMBG device with 15% error and strip price of £0.20 ( Figure 2A ). In Scenario 1 within the type 2 diabetes subgroup, 38% of simulations were cost-effective at a willingness-to-pay £30 000/QALY for an SMBG device with 8.4% error and strip price of £0.30 versus an SMBG device with 15% error and strip price of £0.20 ( Figure 2B ).
Discussion
We estimated scenarios related to changes in blood glucose control (as measured by HbA1c or separately by inpatient or outpatient hypoglycemic events) resulting from differences in SMBG device error. Both scenarios resulted in higher average effectiveness in type 1 and type 2 diabetes and in most cases, higher costs. In Scenario 1, while holding hypoglycemia constant, the mean findings were cost-effective with 64% and 38% likelihood for type 1 and type 2 diabetes, respectively, at a willingness-to-pay of £30 000 per QALY. In Scenario 2, while holding changes in HbA1c constant, an SMBG device with 8.4% error was less costly and more effective than an SMBG device with 15% error in type 1 diabetes and type 2 diabetes. Our modeling findings are similar to other modeling results associating SMBG accuracy standards with clinical and economic outcomes. 10, 45 Our previous modeling findings found improved accuracy of SMBG devices in type 1 diabetes resulted in efficient and affordable findings from a Canadian payer perspective. Our current analysis differs with the addition of insulin-treated type 2 diabetes patients and the application to an English NHS perspective which has a different willingness-to-pay threshold than Canada. While there are differences between these modeling analyses, findings are similar for Scenario 2, where the value of investing in SMBG devices with less error is greatest among type 1 and insulin-treated type 2 diabetes patients at risk of hypoglycemic events. Additionally, investing in SMBG devices with less error may also be an efficient strategy over the longer term for type 1 diabetes patients. Previous research using clinical practice or claims data has also linked better glycemic control to significant costsavings. 3, 4, 46, 47 Two recent retrospective analyses found better glycemic control was associated with reduced health care utilization and medical costs.
3,46 While we use simulation modeling methods, our study adds to the body of literature suggesting better glycemic control is associated with reduced health care utilization and costs.
We performed an external model validation exercise to compare our model cost estimates from an English NHS perspective with estimates produced by the IMS CORE model. 5 For example, after 10 years, a reduction in HbA1c from 9% to 8% resulted in a cost savings per patient of £607 and £523 from the IMS CORE and our modeling analysis, respectively. Our model estimates are in very similar ranges to the IMS CORE model estimates when HbA1c reductions are larger (eg, reduction from 9% to 8%). However, our model underestimates the cost savings with smaller reductions in HbA1c as compared to the IMS CORE model (eg, reduction from 8% to 7.5%) and therefore the cost savings estimates may be considered as conservative. Even with the different approach taken by the IMS CORE and McQueen et al model, the estimates are in reasonable ranges that move in the expected direction of higher differences in HbA1c equating to higher differences in complications and costs. For the purposes of estimating cost savings from HbA1c improvements, one could interpret the cost estimates projected by our model as being conservative and therefore have a higher likelihood of being realized in real-world practice.
There is uncertainty in how error in SMBG impacts HbA1c or hypoglycemia, and in how HbA1c or hypoglycemia impacts long-term costs and outcomes. The limitation of error in SMBG impacting HbA1c or hypoglycemia is of particular relevance to type 2 diabetes patients since the in silico simulation model used to inform our cost-effectiveness analysis was focused on type 1 diabetes patients. 6 However, uncertainty in model inputs (ie, impact of SMBG accuracy on changes in HbA1c, risk of diabetes complications, etc) is propagated through the cost-effectiveness model and the resulting uncertainty is encompassed in one-way and multivariate sensitivity analyses. That is, any uncertainty around our assumptions of the impact of SMBG accuracy changes on HbA1c for type 2 diabetes patients is encompassed in simulations shown in Figure 2 . Alternative approaches such as using real-world data or using an alternative modeling method may produce different findings than produced in this analysis. Furthermore, the relationship between HbA1c and complications does not capture all of the benefit that an SMBG device can provide to patients.
Conclusions
At higher strip prices, improved accuracy of SMBG ranges from good value for money (Scenario 1) to cost saving in the short-term (Scenario 2). Investment in devices with higher strip prices but improved accuracy (less error) appears to be an efficient strategy for insulin-treated diabetes patients at high risk of severe hypoglycemia.
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